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We present an experiment adapted to collisional studies of cluster ions based on a laser
vaporization setup coupled to a supersonic expansion. The ions are selected in a first
time-of-flight, slowed down to the desired energy, and collided in an octopolar guide. The
parent and fragment ions are then reaccelerated in order to be mass analyzed in a reflectron
time-of-flight. An original method for the extraction of the ion that uses a double voltage pulse,
is proposed. The experiment has been applied to collisions of hydrated cobalt ions. An
absolute cross section of 17 Å2 for the loss of one water molecule by Co(H2O)2
1 in collision with
neon at a center-of-mass energy of 10 eV, has been determined, with an accuracy of 10%. The
threshold for this reaction has been measured at 1.5 eV and is in good agreement with the
existing literature (Dalleska et al. J. Am. Chem. Soc. 1994, 116, 3519). Ions that cannot be formed
by conventional ligand exchange methods, can also be studied. As an example, the threshold
for dehydration of the Co2(H2O)
1 ion has been measured at 1.5 6 0.2 eV. (J Am Soc Mass
Spectrom 2000, 11, 160–166) © 2000 American Society for Mass Spectrometry
Metal ion solvation is of central importance inenvironmental studies [1, 2]. For heavy metalions, modeling the interactions with solvent
molecules is very difficult. Consequently, comparisons
with experimental data are needed to validate theoret-
ical approaches.
One of the most sensitive comparisons is the deter-
mination of the binding energies of successive solvent
molecules. Two main approaches can be used to exper-
imentally determine these energies. The first is to per-
form a photofragmentation experiment. We have re-
cently used this approach to determine the binding
energy of iron ions solvated by water molecules [3].
This approach presents two main drawbacks. First, it
relies on the existence of absorption bands for the
solvated metal ion. Second, the photon energy is gen-
erally much larger than the binding energy of a single
ligand, making the interpretation of the photofragmen-
tation experiments more complex.
The second approach is to perform collision-induced
dissociation (CID) in a buffer gas and to determine an
energy threshold for the abstraction one ligand. This
approach has been widely used for ligated ions and is
generally performed on a tandem mass spectrometer
[4]. Moreover, it opens the possibility of studying the
chemical reactivity of the ions [5].
The binding energies of solvent molecules like water
to metal ions are generally a few eV or less [6, 7]. CID
studies thus imply the production of relatively slow
ions and most of them have been performed using an
apparatus which couples a tandem mass spectrometry
with a ligand exchange reaction [4] or ligand conden-
sation cell [8, 9] to produce the ligated ions. The main
drawback of such methods is their limitation to a small
number of ligands attached to the metal ion.
A powerful method of production of solvated ions
with larger number of solvent molecules is to combine
laser vaporization with a supersonic molecular expan-
sion. By using such a source, we were able to obtain iron
ions bound to up to 10 water molecules [3]. The price to
pay is that the internal energy of the cluster ions is not
known exactly. Laser vaporization has been seldom
performed with high repetition rate lasers to couple the
ion source to a quadrupole or magnetic sector filter [10,
11] that operates in a cw regime. The present work
explores an alternative route which takes advantage of
the pulsed operation of the vaporization. It describes an
apparatus that couples laser vaporization and super-
sonic expansion to a dual time-of-flight (TOF) mass
spectrometer (MS) with a collision cell. This apparatus
is optimized to perform collision studies at center of
mass (CM) collision energies down to a fraction of an
eV. To our knowledge, no equivalent apparatus has
been described yet, because tandem TOF mass spec-
trometers have been generally used for photodissocia-
tion experiments [12], and the few setups devoted to
collisional studies were limited to high collision ener-
gies [13–16].
We shall see that the present use of TOF-MS requires
a new way of extracting ions. Indeed, with the conven-
tional operation of a TOF-MS, resolution limitations
occur very rapidly at low collision energies, and the
Address reprint requests to Dr. Jean Paul Visticot, C.E.A., DSM/DRECAM/
SPAM, Baˆt. 522, CEA Saclay, F-91191 Gif-sur-Yvette cedex, France. E-mail:
JVISTICOT@CEA.FR
© 2000 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received May 19, 1999
1044-0305/00/$20.00 Revised September 14, 1999
PII S1044-0305(99)00129-4 Accepted September 24, 1999
new way of using the TOF-MS proposed here resolves
this issue.
A first application of this approach to determine the
fragmentation cross section and dissociation energy of
the Co(H2O)2
1 ion is presented here as an example and
is compared to the existing literature [8]. Results on
another class of ions that cannot readily be formed in
ligand exchange reactions or ligand condensation will
be presented. It concerns the dissociation of the
Co2(H2O)
1 ion.
Experimental
The experimental setup results from a modification of
an experiment devoted to laser photofragmentation of
carbon cluster ions [17]. It is shown schematically in
Figure 1 and is composed of four parts: an ion source, a
first mass selector, a collision cell, and a mass analyzer.
Hydrates of metal ions are produced in a Smalley
type source that combines laser vaporization and su-
personic expansion [18, 19]. The second harmonic of a
Nd:YAG is focused on a rotating metal rod and the
resulting plasma is extracted by a pulse of helium with
traces of water. The gas comes from a piezoelectric
pulse valve [20]. The backing pressure of helium is 1 bar
and it is mixed with water by flowing the gas over a
water reservoir at room temperature. The mixture of
helium, water, metal atoms, and metal ions expands
into vacuum through a 2 mm nozzle. The supersonic
expansion yields a helium beam containing hydrated
ions of the form M(H2O)n
1 [21].
The beam passes through a differentially pumped
chamber before entering the second part of the appara-
tus where the ions are extracted. This is performed by a
Wiley–McLaren type device [22] composed of a repeller
plate and a grid to extract the ions at a right angle to
their original path, followed by a second grid to accel-
erate them to ’525 V. The same voltage pulse can be
applied to the repeller and the grid via a resistor bridge
for the normal operation of the Wiley–McLaren or two
different pulses can be applied for the modified opera-
tion that will be described hereafter. A pair of deflection
plates is used to compensate for the velocity of the
initial molecular beam and an Einzel lens optimizes the
focusing of the ions. The ions then enter a 1.35-m long
field free region where they begin to separate according
to their masses before reaching an electrostatic gate,
which, using appropriate timing, deflects all ions but
the desired one.
After the gate, the ions reach a parabolic decelerator
composed of 11 evenly spaced plates in order to mini-
mize the defocusing of the ions. This decelerator is
followed by a cylindrical tube of 6 mm inner diameter
and 20 mm length before the collision cell. The collision
cell is 31 cm long and contains an octopole to guide the
ions. Octopoles are often used to guide ions in collision
cells [4, 23]. The present one is formed of eight rods (2 mm
diameter) whose centers are evenly spaced on a 15-mm
diameter circumference. rf voltages of 2.1 MHz frequency
and 210 V amplitude are applied to the rods in order to
guide the ions. The pressure in the collision cell is mea-
sured with an ion gauge that has been calibrated by
comparison with an absolute viscosity gauge. At the exit
of the collision cell, there is another tube of 8.5 mm inner
diameter and 14 mm long. The tubes at the entrance and
the exit of the collision cell have been chosen so that there
is a rapid decrease of pressure. In this way, the pressure
is homogeneous in the cell with a rather limited transi-
tion between the cell and the rest of the system which is
under vacuum. This allows a good knowledge of the
length of the collision region (31 cm here), and thus
good accuracy in the determination of absolute cross
sections. Moreover, with this geometry, the pressure in
the cell, can be raised to about 1023 mbar without
perturbing significantly the rest of the experiment.
Finally, an accelerator, symmetrical to the decelera-
tor, reaccelerates the parent and fragment ions before
they enter the reflectron stage where they are mass ana-
lyzed and detected on microchannel plates. The various
parameters (geometry, rf frequency, and potentials) have
been initially determined from numerical simulations of
ion trajectories using the SIMION 3D software [24].
They have then been adjusted by experimentally opti-
mizing the transmission and mass resolution.
Experimental Method
High Energy Regime
A full TOF spectrum of solvated cobalt ions recorded with
the electrostatic gate off, is presented in Figure 2. It is
obtained without using deceleration, i.e., with the decel-
erator, collision cell, and accelerator at ground potential.
The main peak progression corresponds to the solvated
cobalt ions Co(H2O)n
1. A second progression is observed
starting at 118 u which corresponds to the solvated dimer
ions Co2(H2O)n
1. Some minor peaks are also visible close
to the main progression and are due to the protonated
and deprotonated solvated ions that are also formed in
the laser vaporization source. From the spectrum in
Figure 2, it can be noticed that the mass resolution is
much better than unity for masses of the order of 200 u.
The use of the ion gate is illustrated by the spectrum
labeled (a) in Figure 3. In this case, the gate has been
Figure 1. Schematic of the experimental setup (not to scale).
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centered around 113 u with a width of the order of 65
mass units.
Low Energy Regime
In order to vary the collision energy in the octopole, one
must slow down the ions. The effect of applying a
retardation voltage of 500 V on the octopole is shown in
the middle part of Figure 3 (b): the mass resolution
appears dramatically decreased. The reason can be
easily understood: slowing down the ions is equivalent
to an increase of the effective length of the TOF-MS. The
voltages applied to the Wiley–McLaren device, being
determined for the nominal length, are not optimized
for a longer length. As a result, the ions are no longer
space focused on the detector but much before, depend-
ing on the ion deceleration energy. Another drawback
of using the same extraction conditions as for the high
energy regime is that the ions are extracted with an
electric field of about 30 V cm21. Considering that the
dimension of the initial ion packet is approximately 3
mm, the ions present an energy spread of 10 eV and this
dispersion remains in the octopole. This means that, in
this example, the ions present in the collision cell would
have an energy ranging between 20 and 30 eV.
The simplest way to increase the resolution is to
change the extraction conditions. Several possibilities
may be considered. First, the extraction field can be
decreased. However, in this case, the required voltage
becomes much too low for the orthogonal extraction of
the initial ion beam. A second possibility would be to
keep the same extracting field but with a much larger
acceleration voltage. This would require use of a much
higher retardation voltage and, consequently, would
result in large losses of ions in the decelerator. More-
over, this would not resolve the problem of energy
spread in the collision cell. We have preferred a third
solution explained below that uses a double voltage
pulse on the repeller plate in the extractor zone. In the
usual operation of the mass spectrometer, the ions are
extracted by a single step pulse of 6 ms duration and 10
ns risetime. This time duration is long enough so that all
ions have been extracted and have left the acceleration
zone. In this conventional operating mode, both the
repeller plate and the extraction grid are pulsed with
the same timing by using a resistive divider. This means
that the voltages on both the plate and the grid have
identical temporal behaviors. In the modified extrac-
tion, a single 500 V pulse of 6 ms duration is still applied
to the extraction grid, but the voltage on the repeller
plate has now two steps (see Figure 4). In the first step
(tm ’ 2 ms, depending upon the mass of the ion that has
to be selected), a higher voltage is applied (550 V). This
ensures that all ions begin to be extracted with a 50 V
difference between plate and grid as previously, but
then the voltage is reduced, typically down to 510 V,
just before the first ions that we want to select pass the
grid and enter the acceleration zone. This operation
increases the resolution but also allows reduction of the
energy spread of the ions in the ratio 50:10. i.e., it is now
2 V instead of 10 V in the conventional operating mode.
The resulting resolution improvement is illustrated by
spectrum (c) in Figure 3. Let us comment on the role
played by the present residual extraction voltage of 10
V compared to alternative operating conditions. Indeed,
by lowering the voltage to 0 V, all the ions would have
Figure 2. Full TOF spectrum of the ions generated by the laser
evaporation source obtained without deceleration along the TOF
path, i.e., with the collision cell at ground potential. The main ion
peaks correspond to solvated cobalt ions and solvated cobalt
dimer ions as shown by the scales at the bottom of the figure.
Figure 3. TOF spectra in the vicinity of the Co(H2O)3
1 ion peak
with the ion gate centered at 113 u with a width of 65 mass units.
The left spectrum (a) corresponds to the high energy regime in the
octopole (525 eV), i.e., no retardation voltage. In the two other
spectra, the energy of the ions is lowered to approximately 26 eV
in the octopole, leading to an increased ion TOF. In the middle
spectrum (b), the conventional extraction conditions with a single
extraction pulse are used, and the resolution appears very poor.
For the bottom spectrum (c), a double step extraction is used and
a significant improvement of the resolution is observed.
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exactly the same kinetic energy, however, the spatial
dispersion of the ions would be strongly increased in
the acceleration region leading to a complete loss of
resolution. Another alternative would be to combine
extraction and acceleration in the first voltage pulse
(duration tm) then go back to 0, but this implies a very
high and rapid voltage pulse (several thousands V
within 1 ms) which is in practice very difficult to obtain
without any small amplitude oscillations after.
Determination of the Ion Kinetic Energy
The kinetic energy E of the ions in the collision cell
results from the difference between the initial kinetic
energy of the incoming ion beam and the potential that
is applied to the cell. Although the latter potential is
easy to measure, there is some uncertainty in the energy
of the ion which is due to the time integral of the
extraction voltage. We have tried several methods to
determine this energy. The most accurate one consists
in measuring the arrival time of the ions when varying
the voltage V applied to the collision cell. This time t
can be decomposed in a sum of two terms:
t 5 A 1 l˛M/ 2~E 2 V! (1)
The first part corresponds to the TOF of the ions before
and after the collision cell which does not depend on
the retardation field and the second term to the path in
the collision cell, l being the cell length and M the ion
mass. The energy E is obtained from a nonlinear fit of
the measured arrival time as a function of V with this
expression and the accuracy of this determination is
estimated to be better than 0.5 eV. The advantage of this
method is that the measurement is performed in the
same conditions as the experiment, i.e., with the retar-
dation voltage. This yields the average kinetic energy in
the laboratory frame, concerning the width of the
distribution of kinetic energy (in the laboratory frame),
it is related to the size of the ion packet in the extraction
zone and is about 2 V under the present conditions.
Collision Cross Sections
The effect of adding a neon pressure of 2 3 1024 mbar
in a 10 eV CM collision energy experiment, is shown in
Figure 5. The upper part of the figure displays the TOF
of the Co(H2O)2
1 ions without gas in the collision cell.
The laboratory kinetic energy of the ions in the cell has
been reduced to about 58 eV. The lower part of the
figure displays the same TOF when a pressure of 2 3
1024 mbar of neon is maintained in the collision cell.
The peak intensity of the parent Co(H2O)2
1 ion is
reduced and a new peak appears at shorter times. It
corresponds to the fragment Co(H2O)
1. This is the
result of the collisions with neon atoms that occur at a
collision energy of about 10 eV in the CM frame. The
integrated intensities of the two peaks is equal to the
integrated intensity in the upper curve. This proves the
efficiency of the ion octopolar guide for both the parent
and fragment ions.
The evolution of the fraction of Co(H2O)
1 fragment
intensity as a function of the neon pressure in the
collision cell is displayed in Figure 6. A monotonic
Figure 4. Use of a double pulse for the extraction of ions. In this
configuration the acceleration grid is always grounded. A single
pulse of 500 V with a 10 ns risetime is applied to the extraction
grid. A value for tf of 6 ms is sufficient for the extraction and
acceleration of the ions. The time dependence of the voltage
applied on the repeller plate is illustrated on the right part of the
figure. The first pulse Vpmax 5 550 V allows for the deflection of
the ions. It is followed by a lower voltage (Vpmin 5 510 V) up to
the end of the sequence. The time tm (’ 2 ms) corresponding to
the transition from high extraction field to low extraction field is
chosen so that the ions are close to the extraction grid but have not
yet crossed it (see left part of the figure).
Figure 5. Collision of Co(H2O)2
1 with neon at 10 eV CM energy.
The upper curve is obtained when no buffer gas is present in the
collision cell. The bottom curve corresponds to a neon pressure of
2 3 1024 mbar. In the latter case, the parent ion intensity has
decreased while the fragment [Co(H2O)
1] peak has appeared.
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increase of the experimental points is observed. At low
pressure, when multiple collisions can be neglected, the
intensity If(x) of fragment ions can be related to the
intensity Ip(x) of parent ions through the differential
equations:
dIf~ x!
dx
5 2
dIp~ x!
dx
5 Ip~ x!sNNe (2)
where x is the position in the collision cell, s the
collision cross section, and NNe the density of neon
atoms in the cell. After integration over the cell length l
both the total intensity If of fragment ions and the
transmitted intensity Ip of parent as a function of the
initial intensity I0 are obtained. The fragment yield Yf is
then given by
Yf 5
If
I0
5
If
If 1 Ip
5 1 2 exp~2slNNe! (3)
In practice, I0 is the parent ion intensity in the absence
of neon and is also the total ion current (parent plus
fragment) when neon is present in the cell. Experimen-
tally, the Co(H2O)
1 fragment proportion has been de-
termined from the ratio of the fragment peak intensity
to the sum of the fragment plus parent peak intensities.
This minimizes uncertainties due to fluctuations of the
total ion flux in the laser vaporization process. The
intensities here refer always to the integrals of the ion
peaks because of the relatively large breath of the peaks.
The full curve in Figure 6 is a fit of the experimental
points using eq. 3. The deviation at large pressures
results from the influence of multiple collisions that
destroy the fragments. The fit of the experimental
points leads to a determination of the cross section for
the loss of a water molecule which is 1.7 3 10215 cm2
with an accuracy of about 10%.
Threshold Measurements
The energy threshold for the loss of a water molecule by
the Co(H2O)2
1 ion, has been measured by fixing the
buffer gas pressure of neon at 2 3 1024 mbar while
varying the CM collision energy between 1 and 12 eV.
The pressure has been chosen low enough to ensure
single collision conditions.
The energy dependence of the fragment yield is
shown in Figure 7. Note that the experiment has only
been performed at a single buffer gas pressure. A more
accurate measurement would imply to investigate sev-
eral pressures to account for possible multicollisional
contributions in the vicinity of the threshold and to
extract unambiguous fragmentation cross sections as in
the previous section. As our goal was only to compare
with previous determination, we preferred to use this
simpler procedure.
Dalleska et al. [8] have performed an extensive study
of the binding energies of small metal ion–water com-
plexes by CID with xenon. They proposed two limiting
processes for the determination of the binding energy
from the threshold behavior. The first model, which
they call the 298 K model, assumes that the internal
energy of the ion before collision is decoupled from the
dissociation coordinate. The value of the energy thresh-
old then gives directly the value of the binding energy
and the cross section in the vicinity of the threshold has
a simple behavior [8]:
s~E! 5 s0
~E 2 E1!
n
E
(4)
where E is the collision energy, E1 the value of the
binding energy in this model, and n is an adjustable
parameter on the order of unity. The full line in Figure
7 is a fit in the threshold region of the experimental
point with this form of cross section. The resulting
Figure 6. Evolution of the fraction of Co(H2O)
1 fragment inten-
sity as a function of the neon pressure in the CID of the Co(H2O)2
1
ion. The full curve corresponds to a fit of the experimental points
with a cross section of 1.7 3 10215 cm22.
Figure 7. Fraction of Co(H2O)
1 fragment as a function of the
collision energy in the CID of Co(H2O)2
1 by neon. The neon
pressure has been fixed to 2 3 1024 mbar. The full line corre-
sponds to a fit of the threshold behavior, as is explained in the text.
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threshold is 1.5 6 0.1 eV with s0 5 8 3 10
216 cm2
eV12n and n 5 1.5.
The second model proposed by Armentrout [9] cor-
responds to the other extreme situation where the
internal energy of the ion is randomized with the
collision energy. In this case, the energy threshold is the
limit where the fragment is formed with no internal
energy at all. In that case, eq 4 becomes
s~E! 5 s90
~E 1 Eint 2 E0!
n
E
(5)
where Eint is the internal energy of the parent ion before
collision and E0 the value of the binding energy in this
model. Of course, eq 5 has to be averaged over the
distribution of internal energies of the parent ions. For
more complex systems, the number of internal degrees
of freedom becomes large and the dissociation time
may exceed the TOF of the ions. In that case, more
elaborate treatments based upon statistical models have
been proposed [25, 26].
Dalleska et al. [8] chose to use eq 5 to derive the
binding energy of 1.68 6 0.07 eV that they report for
the loss of a water molecule by the Co(H2O)2
1 ion. In
their experiment, the ions were thermalized at 300 K.
The average internal energy of the Co(H2O)2
1 ions is of
the order of 0.15 eV. This means that the threshold that
corresponds to the binding energy that they report is
approximately 1.53 eV. The value that we observe of 1.5
eV is thus in excellent agreement with their measure-
ment. In our experiment, the ions are formed in a
supersonic expansion and are probably at a lower
temperature than in the experiment of Dalleska et al.
[8]. The fact that the threshold that we observe is very
close to their measured threshold might mean that the
hypothesis of a complete transfer of internal energy of
the parent ion into the dissociation to form a 0 K
fragment at the basis of eq 5, is not fully satisfied.
Alternatively, the clusters formed in the vaporization
might not be completely relaxed vibrationally in the
expansion and consequently may have an nonnegligible
internal energy. It seems difficult to distinguish be-
tween these possibilities. Nevertheless, the resulting
ambiguity (’0.1 eV) is within the error bars of the
present experiment.
The present experiment where the complexes are
produced in a laser vaporization source coupled to a
supersonic expansion, allows for the study of ions that
cannot readily be formed in ligand exchange or ligand
condensation ion sources. We have applied this possi-
bility to the determination of the threshold for dehydra-
tion of the Co2(H2O)
1 ion by helium.
The fragmentation cross sections were determined
by varying the helium pressure between 1025 and 6 3
1024 mbar. The variations of these cross sections as a
function of the center of mass collision energy are
plotted in Figure 8. The full line corresponds to a fit of
the experimental points using eq 4. The values found
for the three fitted parameters are 1.5 eV for E1, 5 3
10216 cm2 for s0, and 1 for n. Consequently, this leads to
a value of 1.5 6 0.2 eV for the binding energy of a water
molecule to the Co2
1 ion. This is very close to that found
for the Co(H2O)
1 bond (1.7 eV) [8]. This result is not
very surprising because the binding of water to transi-
tion metal ions is very much controlled by the balance
between electrostatic interaction and Pauli repulsion,
which is minimized by the proper orientation of the
holes of the 3d orbital through 4s4p or 3d4s hybridation
or by 4s 3 3d promotion [7]. The calculated binding
energies in agreement with experimental determina-
tions range between 1.3 eV for Mn(H2O)
1 and 1.85 eV
for Ni(H2O)
1 [7, 9]. The present Co2(H2O)
1 binding
energy of 1.5 eV is within this range, suggesting the
same kind of interaction for both Co2(H2O)
1 and
M(H2O)
1 clusters. The electronic structure of the Co1
ion is d8. In the case of the Co2
1 ion, the structure has
been established to be sg
2d7d8 [27]. Because the two s
electrons are involved in the Co–Co bonding, the water
molecule can interact only with the remaining electrons
which have the same d character as those of the Co1
ion. In that case, finding similar binding energies for a
water molecule to the cobalt ion or dimer ion appears
reasonable.
Conclusion
We have presented here an experiment which is
adapted to collisional studies of cluster ions of the type
M(H2O)n
1, where M1 is a metal ion and n can easily go
up to 10. It is based on a laser vaporization setup
coupled to a supersonic expansion for the formation of
ions. The ions are selected in a first TOF, slowed down
to the desired energy and collisioned in an octopolar
guide. They are then reaccelerated and mass analyzed
with a reflectron.
Figure 8. Variation of the fragmentation cross section of
Co2(H2O)
1 by collision with helium as a function of the relative
collision energy. The helium pressure was varied between 1025
and 6 3 1024 mbar. The full line corresponds to a fit of the
threshold behavior, as is explained in the text.
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We have described here an original method for the
extraction of the ion that uses a double voltage pulse.
This allows for a compensation of the energy dispersion
and improves the resolution. We have shown that we
are able to determine absolute cross sections for CID
with an accuracy of 10%. Threshold measurements are
also possible and the 1.5 eV value that we have obtained
for the Co(H2O)2
1 ion is in good agreement with the
existing literature [8]. The laser vaporization at the
origin of the production of the cluster ions, also allows
for the study of ions that cannot readily be formed in
ligand exchange or ligand condensation ion sources.
We have demonstrated this possibility by providing the
first determination of the binding energy of the water
molecule in the Co2(H2O)
1 ion at 1.5 6 0.2 eV.
In conclusion, we propose an adaptation of a TOF
apparatus to low collision energy studies. The modifi-
cation of the extraction allows to keep a reasonable
mass resolution in the product analysis. The main
advantage relies in the possibility to yield unusual
reactants with the vaporization source. The pulsed
operation should also provide valuable information on
kinetic energy loss in reactive and nonreactive collisions
when analyzing the broadening of the ion TOF. Work is
in progress to examine this possibility.
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